Organic reactions that employ moisture-and/or oxygen-sensitive reagents or intermediates usually involve the use of glove-box or Schlenk-line techniques as well as dry and degassed solvents. Unfortunately, these requirements may greatly reduce the utility of the targeted organic molecules. Herein, we demonstrate that solvent-free mechanochemical synthetic techniques allow using highly oxygen-sensitive palladium (0) species in air for the stoichiometric oxidative addition of aryl halides. The low diffusion efficiency of gaseous oxygen in crystalline or amorphous solid-state reaction mixtures should be the main reason for the low impact of the presence of atmospheric oxygen on the sensitive oxidative addition reactions under the applied conditions. This study thus illustrates the outstanding potential of mechanochemistry to serve as an operationally simple, glove-box-and-Schlenk-line-free synthetic route to organometallic compounds and other valuable synthetic targets, even when sensitive reagents or intermediates are involved.
Introduction
Many useful reagents and catalysts employed in the preparation of organic compounds and organometallic complexes are highly reactive and therefore incompatible with exposure to the ambient atmosphere. 1 The techniques required to conduct reactions with these sensitive compounds usually involve gloveboxes and high-vacuum Schlenk lines and are thus costly and demand special training. In addition, dry and degassed organic solvents are required for these reactions. Chemical processes that do not require such precautions are therefore likely to substantially increase the practical utility of the targeted organic molecules.
Palladium complexes obtained from oxidative addition reactions have been widely used in mechanistic studies, 2 as catalyst precursors for several cross-coupling reactions 3 and as stoichiometric aryl-group transfer reagents for the diversica-tion of biomolecules and pharmaceuticals. 4 Dialkylbiaryl phosphine-ligated palladium(II) complexes developed by Buchwald and co-workers are particularly useful reagents in these applications due to their high stability and ease of handling.
2a-e,3a,4 One of the most common synthetic routes to these oxidative addition complexes involves reactions between the palladium(0) precursor (COD)Pd(CH 2 TMS) 2 (COD ¼ 1,5-cyclooctadiene; TMS ¼ trimethylsilyl) (1) 5 and aryl halides 2 in the presence of appropriate Buchwald-type ligands (Scheme 1).
2a-e,3a,4 According to the developed protocol reported by Buchwald et al., this procedure generally requires glove-box techniques, given that highly air-sensitive palladium(0) species are involved.
3a,4c These restrictions may, however, greatly reduce the practical utility of the obtained palladium complexes. The development of scalable, operationally simple and glove-box-and-Schlenk-line-free synthetic methods should therefore be highly benecial.
Scheme 1 Synthesis of palladium-based oxidative addition complexes involving air-sensitive palladium(0) intermediates.
Mechanochemical solvent-free organic reactions using ball milling have emerged as powerful alternatives to synthetic procedures in solution. 6 In particular, Friščić, Bolm, Hernán-dez, James, and Browne have made signicant contributions to this research area. 6 However, the benets of mechanochemistry in the context of organometallic chemistry have not yet been explored systematically, 6m,7-19 and the potential applicability of highly sensitive reagents or intermediates toward mechanochemical organometallic transformations under ambient conditions remains elusive.
14 Herein, we demonstrate that mechanochemistry enables glove-box-and-Schlenk-line-free synthesis of palladium complexes by oxidative additions using readily available starting materials (Scheme 1). 20 This reaction is operationally simple and proceeds efficiently in air to afford a variety of synthetically useful palladium complexes in moderate to high yield. We anticipate that the method presented herein could be readily transferred to the development of glove-box-and-Schlenk-line-free synthetic routes to other valuable organometallic complexes and synthetic targets, even when sensitive reagents or intermediates are involved.
Results and discussion
All mechanochemical reactions were conducted in a Retsch MM 400 mill (stainless-steel milling jar; 30 Hz or 25 Hz; stainlesssteel balls). To probe the effectiveness of this mechanochemical approach for the preparation of palladium-based oxidative addition complexes, we initially tested the reaction between 1 and 1-bromopyrene (2a) in the presence of 2-dicyclohexylphosphino-2 0 ,6 0 -diisopropoxybiphenyl (RuPhos), which is a commonly used Buchwald-type ligand (Table 1) . 21 The corresponding oxidative addition complex (3a) was obtained in moderate yield upon grinding for 30 min in air (40% yield; entry 1). Prolonging the reaction time did not improve the yield (43% yield; entry 2). Subsequently, we attempted milling with a catalytic amount of liquid, the so-called liquid-assisted grinding (LAG), to improve the performance (entries 3-12).
22 Unless otherwise noted, the following reactions with liquid additives are all characterized by the addition of 0.20 mL of liquid per mg of reactant. We found that adding a small amount of tetrahydrofuran (THF) greatly improved the yield of 3a (71% yield; entry 3). Other commonly used organic solvents in palladiumcatalyzed cross-coupling reactions such as toluene, acetonitrile (CH 3 CN), dioxane, dimethyl formamide (DMF), and diethyl ether (Et 2 O) also improved the efficiency of the reaction (entries [4] [5] [6] [7] [8] . The use of highly polar solvents such as dimethyl sulfoxide (DMSO) or simple alkanes (pentane and cyclohexane) slightly accelerated the oxidative addition (entries 9-11). Protic solvents such as methanol (MeOH) did not promote the reaction (entry 12). Subsequently, we focused on the identication of the optimal milling parameters for this mechanochemical oxidative addition reaction (entries [13] [14] [15] . The milling frequency can be reduced to 25 Hz (78% yield; entry 13), while increasing the number of stainless-steel balls did not improve the yield (entries 14 and 15). Notably, the reaction time can be reduced to 10 min without affecting the yield when THF was used as a LAG additive (71% yield; entry 16).
With the optimized conditions in hand, we investigated the effect of different halides and a pseudohalide on the oxidative addition of palladium complexes (Scheme 2). Even though the corresponding aryl chloride (2b) undergoes oxidative addition in solution, the desired oxidative addition complex (3b) was not formed under mechanochemical conditions. 4 When bromide (2c) and the iodide substrates (2d) were used, the products were obtained in 62% and 75% yield, respectively. Although Ondruschka and co-workers reported that aryl bromides were more reactive than aryl iodides in mechanochemical palladiumcatalyzed Suzuki-Miyaura coupling reactions, 23 the iodide substrate (2d) provided higher yield in the mechanochemical stoichiometric oxidative addition process. The corresponding aryl triate (2e) afforded 3e in moderate yield (58%). ) in a stainless-steel ball-milling jar (1.5 mL) with a stainless-steel ball (3 mm).
b Determined by 1 H NMR analysis of the crude reaction mixture using an internal standard. c Two stainless-steel balls (3 mm) were used.
d Three stainless-steel balls (3 mm) were used.
e Isolated yield.
Scheme 2 Mechanochemical synthesis of palladium-based oxidative addition complexes from aryl halides and an aryl pseudohalide.
The aforementioned optimized conditions were used for further evaluation of the substrate scope ( Table 2 ). The reaction of both electron-rich and -poor aryl bromides (2f-2j) proceeded smoothly to give the corresponding oxidative addition complexes (3f-3j) in good yields (57-76%). 4-Bromophenol (2k) also afforded the desired product (3k) in moderate yield (35%). The present protocol could also be applied to heteroaryl bromides such as indole (2l), thiophene (2m), and dibenzofuran (2n) derivatives. Palladium(II) complexes containing aromatic hydrocarbon cores (3a, 3o, and 3p) were obtained in 78-92% yield. The reaction of aryl bromides bearing aldehyde 2q and benzophenone moieties 2r afforded the desired palladium(II) complexes (3q and 3r), which are used in bioconjugation applications, 4 in 79% and 61% yield, respectively.
Polymetalated transition-metal complexes have attracted considerable attention due to their unique reactivity and physical properties.
4e, 24 The mechanochemical oxidative addition protocol developed herein provides an efficient route for the synthesis of polymetalated palladium complexes (Table 3 ). The reaction of dibromides 2s and 2t in the presence of 2 equiv. of 1 and RuPhos afforded di-palladated 3s and 3t, which are useful reagents for macrocyclization of peptides, 4e in 88% and 85% yield, respectively. The tri-palladated arylamine 3u and the tetra-palladated pyrene 3v were synthesized in 91% and 61% yield, respectively under the applied mechanochemical conditions in air. The molecular structure of 3v in the solid state was unequivocally determined by a single-crystal X-ray diffraction analysis (Fig. 1) . The results revealed that two of the four palladium atoms in 3v adopt a C-bound conformation, while the other two adopt an O-bound conformation in the solid state. The orientation of the phosphine ligands on adjacent palladium atoms is in opposing directions relative to each other, which is probably due to the steric congestion between substituents on the phosphine ligands in the solid state.
Subsequently, we investigated the effect of the phosphine ligand on the mechanochemical palladium-mediated oxidative addition of 2f (Table 4 ). The reactions using 2-dicyclohexylphosphino-2 0 ,6 0 -dimethoxybiphenyl (SPhos) and 2-dicyclo-
3w and 3x in 44% and 32% yield, respectively. These palladium-based oxidative addition complexes can also be prepared on the gram-scale in air using mechanochemistry (Scheme 3). For this purpose, the reaction of 2s (1 mmol) was carried out in a larger stainless-steel ball-milling jar Table 2 Substrate scope a a Conditions: 1 (0.12 mmol), 2 (0.12 mmol), RuPhos (0.12 mmol), and THF (0.2 mL mg À1 ) in a stainless-steel ball-milling jar (1.5 mL) with a stainless-steel ball (3 mm). (25 mL) with two stainless-steel balls (10 mm) in air, and the desired oxidative addition complex (3s) was obtained in 85% yield (1.26 g ). This result clearly demonstrates the potential utility of the present mechanochemical protocol for large-scale preparation of synthetically useful palladium reagents without any special operational skills or precautions.
In order to further explore the practical utility of this protocol, we compared the efficiency of the solution-based and the mechanochemical reactions (Scheme 4). The oxidative addition of 2o under the reported solution-based conditions using cyclohexane or THF as solvents 3a,4 provided 3o in 61% and 87% yield, respectively. However, when the reactions were conducted in air, signicantly lower yields were obtained (8% and 46%, respectively). In contrast, under the aforementioned mechanochemical conditions, the oxidative addition proceeded efficiently, even in air, providing 3o in 92% yield. These results suggest that gaseous oxygen does not efficiently diffuse through crystalline or amorphous solid-state reaction mixtures, 25, 26 which results in little to no impact on the air-sensitive palladium(0)-mediated oxidative addition reactions. Related to this nding, Mack and co-workers have described that the gaseous nature of water and oxygen does not signicantly inuence moisture-sensitive organic transformations under mechanochemical conditions.
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Conclusions
Palladium-based oxidative addition complexes are widely used in mechanistic studies, as catalyst precursors and as stoichiometric aryl-group-transfer reagents. However, the preparation of these complexes generally requires glove-box or Schlenk-line techniques due to the high air-sensitivity of the palladium(0) species involved. We have demonstrated that mechanochemistry allows synthesizing a wide range of Buchwald-typephosphine-ligated palladium(II)-based oxidative addition complexes in air. The low diffusion efficiency of gaseous oxygen in the solid-state reaction mixture was identied as the most likely reason for the low impact of atmospheric oxygen on these sensitive organometallic reactions. This study illustrates the outstanding potential of mechanochemistry as an operationally simple glove-box-and-Schlenk-line-free synthetic route to valuable organometallic compounds and other attractive synthetic targets, even when highly sensitive reagents or intermediates are involved.
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